Introduction {#s1}
============

Metastasis is the leading cause of cancer death [@pone.0052175-Mina1]. According to the American Cancer Society, breast cancer is expected to account for 30% (230,480) of all new cancer cases among women [@pone.0052175-Siegel1]. Approximately 6--10% of patients have metastatic disease at the time of diagnosis and 30% who are initially diagnosed with earlier-stage breast cancer will eventually develop recurrent advanced or metastatic disease [@pone.0052175-OShaughnessy1]. The prognosis for these patients is poor, with an estimated 5-year survival of only 21% [@pone.0052175-Hayat1]. The primary goal of treatment must be palliation of disease where feasible, but this should not be pursued at the expense of unmanageable toxicity [@pone.0052175-Jones1]. In addition to toxicity issues, the standard developmental approach to the treatment of micrometastatic disease assumes a progression from Phase I to Phase III trials in the metastatic setting, followed by a transition to large proof-of-concept adjuvant trials. This approach may miss important opportunities by not focusing on the metastatic cascade and not all agents successful in the overt metastatic setting are useful in the micrometastatic disease setting; similarly, not all agents successful in the micrometastatic setting would be beneficial in the macrometastatic setting [@pone.0052175-Mina1]. Among 37 phase III trials conducted in the last 15 years, only three systemic therapies were approved for first-line use and nine were approved for use as second-line or other lines of therapy. Of these, only four were supported by results showing longer survival times [@pone.0052175-Verma1], illustrating a clear need to better assess the anti-metastatic effect of cancer therapeutics and improve overall survival rates.

Heparanase is an endo-β-glucuronidase that degrades heparan sulfate (HS), a major constituent of the extracellular matrix (ECM) and basement membrane, and this enzyme plays a role in tumor metastasis and angiogenesis [@pone.0052175-Hammond1]--[@pone.0052175-Barash1]. The cleavage of HS chains by heparanase not only facilitates migration of tumor cells through the disruption of the ECM but also results in the release of signalling proteins (typically stored bound to HS) which can then bind to their corresponding receptors to initiate signal transduction, thereby promoting cancer growth, angiogenesis and invasion [@pone.0052175-Dempsey1], [@pone.0052175-Elkin1]. Heparanase is also thought to have a role in proliferative signalling that is distinct from its HS-degrading activity [@pone.0052175-Zetser1], [@pone.0052175-BenZaken1]. This protein has been widely implicated as an important regulator of proliferation, invasion, metastasis and malignancy-associated angiogenesis in several tumor types including breast cancer and its presence is a key indicator of malignancy in this disease [@pone.0052175-Barash1], [@pone.0052175-Dempsey1], [@pone.0052175-Maxhimer1]--[@pone.0052175-Cohen1]. In a clinical study, heparanase expression was significantly upregulated in microinvasive lesions in ductal carcinoma *in situ* [@pone.0052175-Maxhimer2]. A tumor-inducing effect on heparanase expression by lymphocytes of breast cancer patients was found to be decreased in breast cancer patients rendered free of tumor by surgery or treated with tamoxifen [@pone.0052175-Theodoro1]. Given the multitude of functions of heparanase, systemic heparanase amplification can perpetuate tumor-promoting autocrine, paracrine, and growth factor signalling, making heparanase inhibitors potentially effective against invasive cancers [@pone.0052175-Raman1].

A number of cancer therapeutics under development have been designed to target heparanase [@pone.0052175-McKenzie1] and recent identification of micro RNA mechanisms linked to brain metastatic breast cancer through heparanase control offers further rationale to develop heparanase-based therapeutics [@pone.0052175-Zhang1]. Although not specifically under development for breast cancer, heparanase inhibitors have entered Phase II clinical trials, with the sulfated oligosaccharide PI-88 demonstrating activity in hepatocellular carcinoma [@pone.0052175-Liu1]. Earlier stage compounds such as sulfated hexasaccharides have recently been shown to inhibit heparanase and attenuate metastasis in B16-BL6 melanoma cells (high heparanase expressing cells) but no effect on the metastasis of MC-38 carcinoma cells (which express little or no heparanase) [@pone.0052175-Borsig1]. SST0001 is an N-acetylated, glycol-split high molecular weight heparin that also exhibits low anticoagulant activity, selectively inhibits heparanase and has shown activity in an *in vivo* model of multiple myeloma [@pone.0052175-Ritchie1]. M402, a HS mimetic designed to inhibit multiple factors implicated in tumor-host cell interactions, including heparanase, showed some survival benefit in an orthotopic 4T1 murine mammary carcinoma model [@pone.0052175-Zhou1]. Taken together, the inhibition of heparanase by these HS mimetics may be the key differentiating factor -- in addition to their ability to inhibit vascular endothelial growth factor (VEGF) by targeting its HS-binding -- to explain their anti-metastatic properties in contrast to some VEGF inhibitors and tyrosine kinase inhibitors (TKIs) which arguably lead to divergent effects on metastasis [@pone.0052175-DeBock1].

Here we report the antitumor and antimetastatic properties of PG545, a synthetic, fully sulfated HS mimetic, in a 4T1 breast carcinoma model to demonstrate the potential utility of this approach for patients who undergo surgery of the primary tumors or those with a high risk of recurrence or limited metastatic disease. PG545 is known to inhibit the enzymatic activity of heparanase, the signalling of angiogenic growth factors, *in vitro* angiogenesis, solid tumor growth and blockade of lung colonisation in an experimental metastasis model [@pone.0052175-Dredge1]. Subsequent studies confirmed anti-angiogenic activity *in vivo* and, in addition to significant effects on solid tumor progression, potent anti-metastatic activity was confirmed in spontaneously arising metastatic models of colon and lung cancer [@pone.0052175-Dredge2]. While this antimetastatic activity is likely mediated by the inhibition of heparanase activity, PG545 also inhibits growth factors such as VEGF and fibroblast growth factor 2 (FGF-2) that promote heparanase expression [@pone.0052175-Sasaki1], [@pone.0052175-Luan1]. So, PG545 may suppress metastasis by direct inhibition of heparanase activity or by reducing its expression. To date, there are very few preclinical studies that have been conducted with antiangiogenic drugs that analyse neoadjuvant or pre-surgical treatments and virtually none that compare treatment effects on primary tumors to metastatic-disease progression (or prevention) after surgery [@pone.0052175-Ebos1]. Thus, to study the effect of PG545 on metastasis and overall survival following mastectomy, we employed the syngeneic orthotopic 4T1 breast cancer model because 4T1 cells are aggressively metastatic, forming characteristic large lung metastases rapidly which lead to 90% mortality within 70 days [@pone.0052175-Holland1]. Moreover, the 4T1 model is known to be one of the few breast cancer models with the capacity to metastasize efficiently to sites affected in human breast cancer [@pone.0052175-Lelekakis1]. Given that PG545 has anti-angiogenic properties and that there are recent data showing divergent metastatic effects with other angiogenesis inhibitors [@pone.0052175-Dredge2], [@pone.0052175-Ebos2], [@pone.0052175-PezRibes1], we also included an angiogenesis inhibitor, sorafenib, in the model to assess its effect on metastasis. Finally, we also investigated the mechanism of action relating to the antimetastatic and antiangiogenic effect of PG545 by assessing the *in vivo* levels of heparanase, phosphorylated extracellular signal-regulated kinase (ERK)1/2, VEGF and FGF-2.

Materials and Methods {#s2}
=====================

Drugs and Reagents {#s2a}
------------------

PG545 is a fully sulfated tetrasaccharide functionalized with a cholestanyl aglycon designed at Progen Pharmaceuticals Ltd (Brisbane, QLD, Australia). Sorafenib was sourced from Bayer Health Care (Leverkusen, Germany) and cisplatin clinical formulation (1.0 mg/mL) from Pfizer (West Ryde, NSW, Australia). PG545 was dissolved using cell culture medium for *in vitro* experiments and phosphate buffered saline (PBS) pH 7.2 for *in vivo* studies to a final concentration of 2.5 or 2.0 mg/mL (or 1.0 mg/mL upon reduction of dose in the first survival study). The dosing solutions were prepared fresh on each day of dosing. Sorafenib was supplied as 315 mg tablets containing 200 mg active sorafenib. Tablets were crushed and dissolved in N-Methyl-2-pyrrolidone (NMP) to formulate stock solution of active sorafenib. This stock solution was further diluted with polyethylene glycol (PEG) 300 to achieve the required dose concentration. NMP, PEG 300 and PBS were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).

Cell Lines {#s2b}
----------

4T1 mouse breast cancer cells were sourced from American Type Culture Collection (ATCC) (Rockville, MD, USA). Reagents for culture of 4T1 mouse breast cancer cells were obtained from the following suppliers: RPMI 1640 cell culture medium, fetal bovine serum (FBS) and Hank's balanced salt solution (HBSS) from Invitrogen Australia (Mt Waverley, VIC, Australia); penicillin-streptomycin and Trypan Blue from Sigma-Aldrich (Castle Hill, NSW, Australia). 4T1 mouse breast cancer cells (Passage 3 from working stock VP-Stock 314) were cultured in RPMI 1640 cell culture medium, supplemented with 10% FBS and 50 IU/mL penicillin-streptomycin. The cells were harvested by trypsinization, washed twice in HBSS and counted. The cells were then resuspended in HBSS to a final concentration of 5 × 10^7^ cells/mL. Cells were cultured at 37°C in a humidified cell culture incubator supplied with 95% air/5% CO~2~.

*In vivo* Models {#s2c}
----------------

Procedures involving the care and use of animals in this study were reviewed and approved by the University of Adelaide (South Australia) Animal Ethics Committee prior to conduct (Certificate Number: M46-2008). During the study, the care and use of animals was conducted in accordance with the principles outlined in the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, 7th Edition, 2004 (National Health and Medical Research Council). All surgery was performed using Ketamil (10 mg/mL)/Xylazil (0.9 mg/mL) as the anaesthetic and all efforts were made to minimize suffering. Female BALB/c mice (Animal Resource Centre, Canning Vale, WA, Australia) were used for all the *in vivo* experiments. For the primary tumor/metastases model, 10 µL of 4T1 cells (5×10^5^ cells) were discharged directly into the third mammary fat pad and treatment of mice began 7 days after 4T1 cell inoculation, when the average tumor volume was approximately 100 mm^3^. For the survival experiments, a refined 4T1 inoculation method used Matrigel (BD Biosciences, North Ryde, NSW, Australia) and 10 µL of 4T1 cells (1×10^5^ cells) introduced directly into the fourth mammary fat pad. Mice were randomized, based on tumor size, into two groups of twenty mice and four groups of fifteen mice, five days post-inoculation (Day 0). On Day 6 of the study (eleven days post-inoculation) mastectomy was performed on all mice while under injectable Ketamine (10 mg/mL)/Xylazine (0.9 mg/mL) anaesthetic. The fourth mammary fat pad including the primary tumor was excised. The dosing regimen used in each experiment is outlined in the figures. We previously demonstrated that PG545 administered up to 25 mg/kg twice weekly potently blocks angiogenesis *in vivo* and 20 mg/kg once weekly effectively suppresses both tumor growth and metastasis [@pone.0052175-Dredge2]. In the non-mastectomy study, primary tumors were measured in three dimensions on a twice weekly schedule (length and width) and the tumour volume (cm^3^) calculated using the equation V = length × width^2^ × π/6 and the anti-tumour activity was expressed as percent tumour growth inhibition (%TGI) using an equation previously described [@pone.0052175-Dredge2] while tumors in survival studies were excised at mastectomy from mice in the vehicle control and PG545 monotherapy groups and weighed. The lungs were excised from all mice at the time of culling. The number of overt macrometastases of the surface of the lungs were enumerated manually [@pone.0052175-Korpal1] from mice in the vehicle control and PG545 monotherapy groups, and expressed as inhibition rate (IR) as previously described [@pone.0052175-Utsugi1] or, where distinct, were categorized according to size: small (\<1 mm), medium (≥1 mm and \<3 mm) and large (≥3 mm) as previously described elsewhere [@pone.0052175-Holland1].

During the main mastectomy study, animals were monitored closely and euthanized when displaying signs of distress in accordance with local and other guidelines [@pone.0052175-Workman1] or until the study was terminated on day 55. Based on previous pilot studies and coinciding with the time point when eight mice from the vehicle control group were removed from the study due to disease progression (Day 30), five mice each were randomly selected from each group and culled for collection of plasma (from terminal cardiac blood sample) and excision of lungs. These mice, referred to as satellite mice, were not included in the survival part of the study. The same samples were also collected from five non-inoculated, aged-matched, untreated mice for baseline comparison. Correlation between lung metastasis counts and lung weight was determined as an additional parameter as a measure of metastatic burden.

Histopathology and Immunohistochemistry {#s2d}
---------------------------------------

Formalin-fixed tumour tissue and lungs from each mouse in the vehicle control and PG545 monotherapy groups were paraffin embedded. Sections were stained with haematoxylin and eosin (H&E) for microscopic enumeration of lung micrometastases. Formalin fixed lungs from all other mice were stored at ambient temperature for potential future analysis. The rabbit polyclonal heparanase antibody (Abcam, Cambridge, MA, USA) was used in Immunohistochemical (IHC) analysis of mouse tumour and lung sections. Paraffin-embedded mouse tissue sections were deparaffinized and endogenous peroxidase activity was quenched by incubating the sections in 0.5% hydrogen peroxide in methanol for 30 minutes. Following two washes in PBS, antigen retrieval was performed by boiling the sections in 0.037% EDTA pH 8.0 for 10 minutes. Sections were then washed in PBS twice and then blocked in 3% normal horse serum for 30 minutes followed by an overnight incubation at a dilution of 1/500 heparanase antibody in 3% normal horse serum. The following day, slides were washed twice in PBS followed by development with the UltraVision HRP Polymer detection system and DAB Plus substrate (Thermo Scientific, Scoresby, VIC, Australia). Sections were then washed in running tap water then counterstained in Mayer's hematoxylin solution, dehydrated, cleared, and mounted in Depex mounting medium (VWR, West Chester, PA, USA) The sections were viewed under an Olympus BX51 microscope using a 40× objective lens and images were captured using an electronic eyepiece and an Olympus DP20 camera system.

Enzyme-linked Immunosorbent Assay (ELISA) {#s2e}
-----------------------------------------

The levels of heparanase, VEGF and FGF-2 in excised primary tumors were quantified by subjecting tumor tissue homogenates to ELISA. Tumor tissue was homogenized on ice and extracted into ice cold buffer consisting of, 50 mM Tris HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% Halt protease and phosphatase inhibitor cocktail (Thermo Scientific, Scoresby, VIC, Australia). The homogenates were extracted at 4°C for 90 min before being clarified by centrifugation at 13,000 g for 20 min at 4°C. Protein concentration in the homogenates was determined using a Coomassie dye assay (Thermo Scientific, Scoresby, VIC, Australia) and they were stored at −80°C until further analysis. The concentration of heparanase, VEGF, FGF-2 and the abundance of the phosphorylated forms of ERK1 (T202 or Y204) and ERK2 (T105 or Y187) in the tumor tissue homogenates was measured using ELISA kits specific for the mouse versions of these proteins: heparanase, USCN, Wuhan, China; VEGF, R&D Systems, Minneapolis, MN, USA; FGF-2 and p-ERK1/2 (Abcam, Cambridge, MA, USA). In each case, ELISAs were performed according to the manufacturer's instructions.

Statistics {#s2f}
----------

A one-way analysis of variance (ANOVA) was performed on tumor volumes or surface lung metastases at the end of the first study followed by either a Holm-Sidak method or Dunnett's Method were performed. In the mastectomy study, a t-test was used to determine the significance of the difference in tumour weight at mastectomy, lung weights, surface and micrometastases from satellite mice between control and the PG545 group. Survival data were first analysed by Kaplan‐Meier analysis using log ranks of survival. The differences between levels of heparanase, VEGF, FGF-2 and p-ERK 1/2 in control and PG545 groups were analysed using t-tests. P\<0.05 was considered significant in all analyses. All statistical calculations were performed using either SigmaPlot or GraphPad Prism 5.0.

Results {#s3}
=======

PG545 Inhibits Primary Tumor Growth and Spontaneous Metastasis in the Orthotopic 4T1 Model {#s3a}
------------------------------------------------------------------------------------------

The experimental protocol for the spontaneous orthotopic 4T1 model is presented in [Figure 1A](#pone-0052175-g001){ref-type="fig"}. A twice-weekly dosing regimen with PG545 resulted in an average bodyweight loss up to 4.7% by the end of the study on day 14 ([Figure 1B](#pone-0052175-g001){ref-type="fig"}). PG545 treatment led to a significant inhibition of the primary tumor growth at all doses tested, producing TGI values of 29, 35 and 50% for 15, 20 and 25 mg/kg respectively ([Figure 1C](#pone-0052175-g001){ref-type="fig"}). Daily dosing with sorafenib (60 mg/kg) also significantly inhibited tumor progression, producing a TGI value of 46%. At the end of the study on day 14, mice were examined for evidence of spontaneous metastasis to the lung. PG545 significantly suppressed the formation of surface lung metastases in a dose-dependent manner, producing IR values of 30, 66 and 95% for 15, 20 and 25 mg/kg PG545 respectively ([Figure 1D](#pone-0052175-g001){ref-type="fig"}). In contrast, sorafenib significantly increased the number of lung metastases compared to vehicle control.

![PG545 inhibits primary tumor growth and spontaneous metastasis to lung in 4T1 breast cancer model.\
(**A**) Experimental protocol for the orthotopic 4T1 primary tumor and spontaneous metastasis model. Female Balb/c mice were injected with 10 µL of 5×10^5^ 4T1 cells into the third mammary fat pad. Twice-weekly treatment with PG545 commenced once the primary tumors reached a size of approximately 100 mm^3^ (n = 10). (**B**) Twice weekly treatment with PG545 at 25 mg/kg led to a non-significant bodyweight loss of 4.7% by day 14. (**C**) PG545 significantly inhibited the growth of the primary 4T1 tumor. The study ended on treatment day 14 due to serious clinical signs in some groups. (**D**) On treatment day 14, mice were examined for the presence of metastasis in the lungs and a dose-dependent inhibitory effect with PG545 was apparent while sorafenib significantly increased the number of lung metastases. A one-way ANOVA was performed on tumor volumes or surface lung metastases counts measured in all surviving mice at the end of the study followed by either a Holm-Sidak method or Dunn's Method were performed. \* = P\<0.05, \*\* = P\<0.01 for PG545-treated groups versus vehicle control and + = P\<0.05 for sorafenib-treated group versus vehicle control.](pone.0052175.g001){#pone-0052175-g001}

PG545 Significantly Prolongs Overall Survival in the 4T1 Mastectomy Model {#s3b}
-------------------------------------------------------------------------

PG545 and sorafenib were administered as outlined in the experimental protocol shown in [Figure 2A](#pone-0052175-g002){ref-type="fig"}. PG545 significantly enhanced the overall survival of mice compared with vehicle control and was comparable to cisplatin ([Figure S1](#pone.0052175.s001){ref-type="supplementary-material"}) which has been published as an active cytotoxic agent by other groups in this model [@pone.0052175-Zhou1], [@pone.0052175-Holland1], but sorafenib had no effect on overall survival ([Figure 2B](#pone-0052175-g002){ref-type="fig"}). The once-weekly dosing regimen with PG545 resulted in an average bodyweight loss of 12% by the end of the study on day 55 compared to a loss of 14% with daily sorafenib treatment. Although the effects of these agents on bodyweight is significant, it is likely enhanced by the requirement for surgery and the duration of the model. Moreover, PG545 effects on bodyweight may be species or strain-dependent and influenced by tumor-bearing animals. At comparable and higher human equivalent doses (HED) in definitive rat and dog toxicology studies, PG545-induced reductions in bodyweight were not apparent with the main toxicities associated with elevation of serum lipids, vacuolation in tissues, increases in leucocyte counts, decreases in erythrocytes and platelets ([Table S1](#pone.0052175.s006){ref-type="supplementary-material"}). For the longer term mouse survival studies, a pilot study identified that a loading dose of 20 mg/kg followed weekly maintenance doses of 10 mg/kg was sufficient to ensure efficacious plasma concentrations of PG545 ([Figure S2](#pone.0052175.s002){ref-type="supplementary-material"}). By the end of the study on day 55, only 1/14 vehicle control-treated mice (7%) remained on study. Similarly, only 1/14 mice (7%) in the sorafenib group survived until the end of the study although 14% were euthanized due to bodyweight loss as opposed to disease progression. In contrast, treatment with PG545 ensured survival for 9/14 or 64% of the animals ([Figure 2C](#pone-0052175-g002){ref-type="fig"}).

![PG545 significantly enhances overall survival in a mastectomy model of 4T1 breast cancer model.\
(**A**) Experimental protocol for the mastectomy model. Female Balb/c mice were injected with 10 µL of 1×10^5^ 4T1 cells into the fourth mammary fat pad and were randomised (n = 20 per group), based on tumour size, five days post-inoculation (Day 0). On Day 6 of the study mastectomy and the dosing regimen is shown. (**B**) The number of mice surviving at the end of the study was significantly greater in the PG545-treated group compared to vehicle control. Sorafenib appeared no more effective than the vehicle control group. (**C**) The reasons for death during the study are illustrated as percentage of animals in the study who were euthanized due to disease progression, culled due to excessive bodyweight loss or survived until termination. The once-weekly dosing regimen with PG545 resulted in an average bodyweight loss of 12%, once daily treatment with sorafenib led to an average bodyweight loss of 14% by day 55. Survival data were first analysed by Kaplan‐Meier analysis using Log ranks of survival. \*\* = P\<0.01 versus vehicle control.](pone.0052175.g002){#pone-0052175-g002}

[Table 1](#pone-0052175-t001){ref-type="table"} shows that although 64% of PG545-treated mice survived until the end of the study, 21% were culled due to bodyweight loss while a further 14% were culled due to disease progression -- however that is in comparison to the 93% of mice in the vehicle control group and 79% in the sorafenib monotherapy group which were also culled due to clinical signs of disease progression. Thus, only 7% of sorafenib-treated mice survived until the end of study.

10.1371/journal.pone.0052175.t001

###### Summary of the performance of PG545 and sorafenib in the 4T1 mastectomy model.

![](pone.0052175.t001){#pone-0052175-t001-1}

  Treatment          \% Mice Culled Due to Excess (\>15%) Body Weight Loss   \% Disease Progression   \% Survivors
  ----------------- ------------------------------------------------------- ------------------------ --------------
  Vehicle Control                            0 (0)                                  93 (13)              7 (1)
  PG545                                     21 (3)                                   14 (2)              64 (9)
  Sorafenib                                 14 (2)                                  79 (11)              7 (1)

Data are percentages with absolute numbers of mice in parentheses.

PG545 Significantly Inhibits Metastasis to the Lung but also Reduces Primary Tumor Growth in the 4T1 Mastectomy Model {#s3c}
---------------------------------------------------------------------------------------------------------------------

On day 30, a satellite group of mice (n = 5) was euthanized and assessed for the extent of metastasis to the lungs by examining the number of surface lung macrometastases. PG545 significantly reduced the large metastases by 63% (\>3 mm) but given the variability and small sample size did not significantly inhibit the number of small or medium sized metastases despite a reduction of 80% for medium- and 50% for small-sized metastases ([Figure 3A](#pone-0052175-g003){ref-type="fig"}). Histological assessment of micrometastases in the main group of animals revealed PG545 significantly reduced the percentage of sections with metastatic involvement in lung tissue ([Figure 3B](#pone-0052175-g003){ref-type="fig"}). Despite a single administration of PG545, four days prior to mastectomy, significantly inhibiting the growth of primary tumor ([Figure 3C](#pone-0052175-g003){ref-type="fig"}), no correlation between the size of individual tumors and the extent of micrometastases was found ([Figure 3D](#pone-0052175-g003){ref-type="fig"}) in the main group of mice (R^2^ = 0.1). Although not significant, the mean lung weight of the PG545-treated mice was approximately 36% lower than that of vehicle control-treated mice and similar to that of non-inoculated, untreated mice (data not shown). A correlation between lung weight and total metastases count for the satellite animals was demonstrated (R^2^ = 0.8042; [Figure S3](#pone.0052175.s003){ref-type="supplementary-material"}).

![PG545 significantly inhibits lung macrometastases, lung micrometastases and primary tumor growth in 4T1 mastectomy model.\
(**A**) In satellite mice (n = 5), the number of large surface lung metastases were significantly reduced following treatment with PG545 compared with vehicle controls. (**B**) PG545 also significantly inhibited the percentage of micrometastases as identified by histological assessment. (**C**) PG545 significantly inhibited the size of the primary tumor as weighed following the mastectomy procedure. (**D**) Lung micrometastases plotted against primary tumor size in vehicle control (open squares) and PG545 (closed triangles) revealed that despite PG545 significantly inhibiting tumor weight at mastectomy, no correlation was found between the size of the primary tumor and lung micrometastases in individual mice in control or PG545-treated groups (R^2^ = 0.1). A t-test was used to determine the significance of the difference in tumour weight at mastectomy, surface lung metastases and micrometastases between control and the PG545 group. \* = P\<0.05, \*\* = P\<0.01 versus vehicle control.](pone.0052175.g003){#pone-0052175-g003}

PG545 Significantly Enhances Survival in the 4T1 Mastectomy Model in the Absence of an Inhibitory Effect on the Primary Tumor {#s3d}
-----------------------------------------------------------------------------------------------------------------------------

Although the differences in size of the primary tumor at the time of mastectomy observed in the 4T1 survival model is not correlative with the resultant number of lung metastasis ([Figure 3D](#pone-0052175-g003){ref-type="fig"}) or overall survival in this model (data not presented), a follow-up survival study revealed PG545 significantly enhanced overall survival despite having no effect on primary tumor growth due to withholding treatment until the day before mastectomy. In this experiment, treatment with PG545 commenced one day prior to mastectomy and continued at 20 mg/kg at weekly intervals except on certain dosing holidays ([Figure 4A](#pone-0052175-g004){ref-type="fig"}). PG545, administered the day prior to mastectomy, had no effect on primary tumor growth ([Figure 4B](#pone-0052175-g004){ref-type="fig"}). Nevertheless, treatment with PG545 significantly enhanced overall survival with 40% of animals surviving beyond 60 days ([Figure 4C](#pone-0052175-g004){ref-type="fig"}). At the end of study on day 68, treatment with PG545 showed a net bodyweight loss of 2.6%.

![PG545 significantly enhances overall survival in the absence of effects on primary tumor size in 4T1 mastectomy model.\
(**A**) Experimental protocol for the mastectomy model in this instance delayed treatment with PG545 until one day prior to surgery to minimise a possible effect on primary tumor size. (**B**) PG545 administered one day prior to mastectomy had no inhibitory effect on the growth of the primary tumor. (**C**) The number of mice surviving at the end of the study was significantly greater in the PG545-treated group compared to vehicle control. The once weekly dosing regimen with PG545 resulted in an average bodyweight loss of 2.6% on day 68. Survival data were first analysed by Kaplan‐Meier analysis using Log ranks of survival. \* = P\<0.05 versus vehicle control.](pone.0052175.g004){#pone-0052175-g004}

PG545 Reduces the Expression of Heparanase in Primary Tumor and Metastatic Lung Tissue {#s3e}
--------------------------------------------------------------------------------------

Immunohistochemical staining for heparanase was detected in all 4T1 breast tumor and lung tissue, as well as in lung tissue from non-tumor bearing mice. Representative photographic images of heparanase stained sections of the primary tumor and lung for each group are presented in [Figure 5A](#pone-0052175-g005){ref-type="fig"}. The semi-quantitative score (conducted independently by two researchers in a blinded fashion) for heparanase staining was between 36--43% higher in diseased lung tissue compared with tumor tissue in 4T1-inoculated animals ([Figure 5B](#pone-0052175-g005){ref-type="fig"}). In tumor and lung tissue, heparanase expression was approximately 30% lower in the PG545-treated animals compared with the vehicle-treated animals. The heparanase staining in the sections was widespread associated with the ECM -- in primary tumor tissue the majority of stained cells were tumor cells with some foamy macrophage staining whereas in the lung tissue, it was uniform throughout the ECM with minimal cytoplasmic staining and very few heparanase-positive macrophages. Heparanase was detected in the lung tissue from non-inoculated age-matched control mice, but comparing these levels with those in the tumor-bearing vehicle-treated mice indicates that heparanase was elevated more than double the basal level in the tumor-bearing mice.

![PG545 reduces the expression of heparanase in primary tumors and lung tissue.\
IHC images illustrate the reduction in the intensity of heparanase staining in primary tumor (**A**) which was surgically resected following a single administration of PG545 four days prior to mastectomy and in lung tissue (**B**) following multiple doses of PG545. Scale bar represents 50 µm for all images. The heparanase staining in the lungs of naive non-inoculated mice are also shown (**B** right panel). The histograms in (**A**) and (**B**) plot a semi-quantitative assessment of the IHC and they reveal that the heparanase staining was significantly reduced (\* = P\<0.05 versus relevant controls) in both the primary tumor and lung samples following treatment with PG545. (**C**) ELISA assays were used to quantify the levels of heparanase, phosphorylated ERK1/2, VEGF and FGF-2 in tumor tissue homogenates. The data are expressed as a function of total extracted protein. The results demonstrate that PG545 significantly reduced the levels of heparanase (P\<0.05) and phosphorylated ERK1/2 (P\<0.01) but not VEGF or FGF-2. Statistical comparisons to the vehicle control performed using a t-test.](pone.0052175.g005){#pone-0052175-g005}

The high expression of heparanase in the tumor tissue was confirmed using an ELISA method. Again, PG545 significantly reduced heparanase expression in tumor tissue ([Figure 5C](#pone-0052175-g005){ref-type="fig"}) but the method failed to detect substantial heparanase levels in lung tissue (data not shown). Preliminary Western blotting data supported the findings that PG545 reduces heparanase protein expression in 4T1 breast primary tumor homogenates. ([Figure S4](#pone.0052175.s004){ref-type="supplementary-material"}). Analysis of the phosphorylation levels of ERK1/2 in tumor tissue indicated that there was significantly less p-ERK1/2 in PG545 treated tumours ([Figure 5C](#pone-0052175-g005){ref-type="fig"}). In contrast, no significant changes in the levels of VEGF and FGF-2 in tumors following PG545 treatment could be detected when measured by ELISA ([Figure 5C](#pone-0052175-g005){ref-type="fig"}).

Discussion {#s4}
==========

Progress in developing treatments for metastatic disease remains slow and the developmental approaches being taken are currently similar to those used for primary tumors [@pone.0052175-Sleeman1]. A significant challenge is to demonstrate that a treatment provides clinical benefit in the metastatic setting and this issue has been recently highlighted by the use of bevacizumab in metastatic breast cancer [@pone.0052175-Mina1]. While debate continues regarding appropriate endpoints in clinical trials for first-line metastatic breast cancer [@pone.0052175-Sargent1], an angiogenesis inhibitor bevacizumab was associated with objective responses in about 10% of patients with metastatic breast cancer who had received treatment with conventional therapies. However, while significant improvements in response rates and prolongations in time to progression were observed in two Phase III trials, no survival differences were observed [@pone.0052175-Hortobagyi1]. Other angiogenesis inhibitors such as sunitinib, which has also demonstrated single agent activity of about a 10% response rate in breast cancer, together with other tyrosine kinase inhibitors, namely sorafenib and pazopanib, are currently being tested in clinical trials for metastatic breast cancer in combination with a variety of agents [@pone.0052175-Hortobagyi1]. From a preclinical perspective, the relatively recent findings that some anti-angiogenic agents have the capacity to accelerate metastasis under certain circumstances [@pone.0052175-Ritchie1], [@pone.0052175-Zhou1] may help to explain why antiangiogenic agents have had a relatively minor impact on patient survival [@pone.0052175-Steeg1]. Moreover, growth delay of tumors at the subcutaneous site is not predictive for drug response of residual metastatic disease [@pone.0052175-Day1]. Given the impact of heparanase on tumor angiogenesis and metastasis [@pone.0052175-Vlodavsky1] and the anti-metastatic activity of HS mimetics/heparanase inhibitors [@pone.0052175-Raman1], [@pone.0052175-Borsig1], [@pone.0052175-Zhou1], [@pone.0052175-Dredge1], [@pone.0052175-Dredge2], [@pone.0052175-Li1], [@pone.0052175-Gandhi1], PG545 was investigated in the 4T1 mastectomy model using sorafenib as an antiangiogenic comparator agent.

PG545, administered twice weekly via the subcutaneous route or sorafenib, administered daily via the oral route, significantly inhibited the growth of the primary tumor. Once the primary tumor reached an average volume of 1500 mm^3^, the study was terminated and mice were assessed for the number of surface lung metastases. PG545 dose-dependently reduced the number of lung metastases while in contrast, sorafenib significantly increased the number of lung metastases. This latter finding with sorafenib is not unprecedented given previous reports of similar effects using other murine models of metastasis [@pone.0052175-Dredge2], [@pone.0052175-Ebos2], [@pone.0052175-PezRibes1]. In the mastectomy model, PG545 (administered once weekly) but not sorafenib (administered daily), significantly enhanced overall survival. More detailed analyses on the PG545 treatment groups from the survival study confirmed a significant effect on primary tumor size at mastectomy and a lower number of macrometastases and micrometastases compared with the vehicle control group. Despite evidence showing that primary tumor weight does not necessarily correlate with number of metastases in the 4T1 model or in other breast cancer models [@pone.0052175-LeDvdec1], another study which administered PG545 one day rather than four days prior to mastectomy (thus not impacting the size of the primary tumor) revealed that PG545 continued to exert a significant effect on overall survival in this model. PG545 has been shown to be efficacious against subcutaneous tumours [@pone.0052175-Dredge1], [@pone.0052175-Dredge2], reduced lung colonisation in a B16 model [@pone.0052175-Dredge1] and also reduced spontaneous metastasis, albeit not using an orthotopic model [@pone.0052175-Dredge2], but this is the first study to show that it is active against a spontaneously-metastasizing orthotopic tumor model. Moreover, the 4T1 model has particular clinical relevance, firstly, due to its propensity to metastasize to sites affected in human breast cancer and, secondly, because longer studies employing survival as an endpoint can be performed using this model.

The data shown herein supports the hypothesis that in addition to experimental conditions, differential efficacies with antiangiogenic therapy may be observed between micro and macrometastatic disease and such distinctions could be important particularly in the adjuvant setting [@pone.0052175-Ebos3]. Given there are currently over forty adjuvant trials underway involving multiple antiangiogenic agents (including sorafenib), these aforementioned distinctions may become apparent in the clinic. Some preclinical models in which primary tumors are removed prior to treatment with angiogenesis inhibitors have indicated that metastatic growth can be inhibited or accelerated, depending on the tumor models, the drugs used, and when the treatments are initiated [@pone.0052175-Ebos3]. These different outcomes by anti-cancer agents led to a proposal by experts in the field that all antiangiogenic and other compounds in preclinical development be tested for efficacy in at least one metastasis model -- preferably incorporating metastasis from an orthotopic site [@pone.0052175-Steeg1].

The current study demonstrated a potentially intriguing difference between two classes of antiangiogenic agent, namely the HS mimetic PG545 and the TKI sorafenib, in terms of primary tumor growth, anti-metastatic activity and overall survival following resection of the primary tumor. Interestingly, *in vitro* studies found no significant differences between PG545 and sorafenib in terms of inhibition of invasiveness (IC~50~) using 4T1 cells or human umbilical vein endothelial cells ([Figure S5](#pone.0052175.s005){ref-type="supplementary-material"}). A key difference between these classes of compounds, however, is PG545's ability to inhibit the enzymatic function of heparanase *in vitro* [@pone.0052175-Dredge1]. Selective inhibition of heparanase by a HS mimetic was found to attenuate metastasis in a melanoma model expressing high levels of this endoglycosidase, but had no effect on the metastasis of a carcinoma cell line that expresses little or no heparanase activity [@pone.0052175-Borsig1]. Here, we examined the effect of PG545 on heparanase protein expression using samples from primary tumor tissue (taken at mastectomy) and lung tissue during the survival studies and found that PG545 significantly inhibited the expression of heparanase in both tumor tissue and lung tissue. The data indicate that in addition to its activity against the enzymatic activity of heparanase, PG545 also acts on heparanase by suppressing its expression, probably by inhibiting the signalling of one or both of VEGF and FGF-2. Inhibition of these growth factors would reduce activation of the ERK1/2 pathway which is consistent with the observed reduction in levels of phosphorylated ERK1/2 in the tumor tissue of PG545 treated mice. Both of these growth factors have been shown to stimulate heparanase expression [@pone.0052175-Sasaki1], [@pone.0052175-Luan1] and their inhibition in this experiment by PG545 appears to have driven down heparanase levels in the primary tumors and in the lungs where metastases are concentrated. Studies of tumor cells and T lymphocytes have shown that heparanase expression can be induced by the transcription factor early growth response 1 (EGR1) which, itself, is dependent on ERK1/2 activity [@pone.0052175-deMestre1], [@pone.0052175-deMestre2]. If heparanase expression in this model was under the same control, PG545 inhibition of growth factor-stimulated ERK activation would have lead to heparanase down-regulation as observed. Such down regulation of heparanase expression raises two important points about the anti-cancer properties of PG545: firstly, it will complement the inhibition of the enzyme's activity by PG545 and, secondly, it will also reduce the signalling of heparanase [@pone.0052175-Zetser1], [@pone.0052175-BenZaken1], something that other enzymatic inhibitors may not accomplish. These data are the first to provide direct evidence that PG545 inhibits tumor signalling *in vivo* and these observations are consistent with the previously proposed mechanism of action of this HS mimetic.

In contrast to heparanase, the absolute levels of VEGF and FGF-2 in the tumors did not appear to be significantly altered after four days of PG545 treatment which would, if our hypothesis based on p-ERK1/2 levels is correct, suggest that inhibition of VEGF and FGF-2 by PG545 does not suppress their own expression. This observation indicates that there is specificity in the mechanism whereby PG545 suppresses heparanase expression. In addition, the unchanged levels of VEGF and FGF-2 in PG545-treated and control tumors strongly suggest that the observed reduction in p-ERK1/2 was not due to a reduction in total ERK1/2, rather it was due to reduced signalling through the ERK pathway, probably caused by PG545 inhibition of one or both of VEGF and FGF-2.

During the mastectomy 4T1 studies there was evidence that administration of either PG545 or sorafenib combined with surgery might lead to an additive effect on bodyweight loss. Non-significant weight loss was also seen at high doses of PG545 (25 mg/kg) in the non-surgical study ([Figure 1B](#pone-0052175-g001){ref-type="fig"}). A comparison of PG545 studies across mouse, rat and dog indicates that these effects seem to be isolated to mouse.

In conclusion, PG545 not only inhibits the growth of primary tumors but also possesses potent anti-metastatic activity which leads to significantly enhanced overall survival in a mastectomy model of breast cancer. These findings are timely, given recent concerns about the paucity of preclinical studies addressing such issues [@pone.0052175-Ebos1]. Moreover, PG545 down regulates the expression of heparanase in primary tumor tissue and metastatic lung tissue thereby supporting the notion that targeting this enzyme at least contributes to, if not is directly responsible for, the anti-metastatic properties associated with this agent. Subject to the satisfactory completion of toxicology studies using intravenous administration, it is intended that PG545 re-enters clinical trials using this route of administration after an earlier trial was halted due to unexpected injection site reactions when administered subcutaneously. As PG545 progresses in the clinic, due consideration should be made for its investigation in micrometastatic disease settings, especially given the negligible effects of overall survival reported to date in clinical trials with other antiangiogenic agents and limited therapeutic options to address metastatic involvement in indications such as breast cancer.
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**Cisplatin (1.4 mg/kg qw IV) significantly enhances overall survival in 4T1 mastectomy model.** (a) experimental protocol for the mastectomy model. Female Balb/c mice were injected with 10 µL of 1×10^5^ 4T1 cells into the fourth mammary fat pad and were randomised (n = 20 per group), based on tumour size, five days post-inoculation (Day 0). Cisplatin was first administered on Day 0 and led to a body weight loss of 5% by the end of study. The number of mice surviving at the end of the study was not significantly different compared with the PG545-treated group.

(PDF)

###### 

Click here for additional data file.

###### 

**Repeated weekly doses of PG545 are tolerated and reach acceptable exposure levels in mice.** PG545 was administered at 20 mg/kg (qwx3) or 20 mg/kg followed by 10 mg/kg (qwx2) to compare the bodyweight profiles (left panel). Plasma concentrations were collected at the estimated Tmax of 4 hours in mice (right panel) to check whether a dose reduction would impact the previously referenced efficacious exposure level (based solely on Cmax) of 20 µg/mL (Dredge et al 2011). Samples from the mice dosed at 20 mg/kg are not shown (due to operator error on day 8).

(PDF)
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Click here for additional data file.

###### 

**Correlation of lung weight versus metastases.** Total metastases counts for ten inoculated satellite mice in vehicle control or PG545-treated groups on day 30.

(PDF)
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Click here for additional data file.

###### 

**Analysis of heparanase expression in representative tumor lysates.** Detection of the 50 kD form of recombinant heparanase was accomplished using the anti-HPA1 antibody in tumor tissue lysates (lanes 1--6). A higher intensity stained band, indicating an increased amount of heparanase protein, was observed in the tumor lysates from the vehicle treated mice (PBS) (lanes 1--2), compared with PG545 treated animals (lanes 3--6).
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Click here for additional data file.

###### 

**PG545 and sorafenib display similar effects in an in vitro invasion assay using 4T1 cells and HUVECs.** The human umbilical vein endothelial cell line HUVEC (pooled, EGM-2) were sourced from Lonza (Basel, Switzerland). The Glioblastoma cell line U87-MG was sourced from ATCC (Rockville, MD, USA) and was used to generate conditioned medium for use as the chemoattractant in the invasion assays. HUVEC were cultured in EGM-2 supplemented with the growth factors supplied in Lonza's BulletKit. Conditioned medium was obtained from U87-MG cells (vP batch \# 10012) cultured in MEM cell culture medium supplemented with 10% FBS, 100 IU/mL penicillin-streptomycin, 2 mM GlutaMax, and 0.1 mM NEAA. All cell lines were cultured at 37°C in a humidified cell culture incubator supplied with 95% air/5% CO~2~. For invasion assays, cell culture inserts (8 µm pore size) were washed twice in serum-free RPMI medium and placed into the wells of a 24-well cell culture plate. Using cold pipette tips, 40 µL of Matrigel diluted 1∶10 in RPMI medium were added to each insert. Matrigel was allowed to solidify by incubating overnight at 37°C. The following day, 4T1 cells or HUVECs were added to the upper chamber of each insert. Cell suspensions contained PG545 or Sorafenib at various concentrations and analysed in triplicate. U87-MG conditioned medium was added to the bottom chamber as the chemoattractant and the plates were incubated for 24 hours to allow the cells to migrate. The non-migrating cells were removed from the upper chamber and cells on the bottom side of the membrane were fixed and stained with 10% filtered Giemsa stain for 1 hour. Migration was quantified by counting cells in three fields of view at 40X magnification using an inverted light microscope (Olympus Australia, Mount Waverley, Victoria, Australia).The average number of migrated cells in three fields and three replicates were calculated. The percentage of inhibition of invasion was calculated using the formula: Inhibition (%) = \[1− (Number of migrated cells at a given concentration/Number of migrated cells in untreated samples)\] ×100% inhibition was plotted against concentration of PG545 or Sorafenib. A logarithmic scale was used for the axis containing the concentrations of PG545 or Sorafenib (x-axis).The 50% Inhibitory Concentration (IC~50~) was calculated using BioDataFit 1.02 (Chang Bioscience, Inc., Castro Valley, CA 94552, USA). A four parameter or sigmoidal approximation was used.
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Click here for additional data file.

###### 

**Toxicities associated with PG545 in mouse, rat and dog studies.**
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Click here for additional data file.
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